• That environmental events of a stressful nature can elicit profound cardiovascular responses hardly requires documentation, and a sizable literature has evolved treating anecdotal and correlational observations of acute and chronic cardiovascular effects of stress. For example, humans exposed to combat (1), natural disasters (2) , and chronic occupational stress (3) are reported to show various sustained alterations in cardiovascular function, including hypertension. Analogously, animal studies indicate cardiovascular effects consequent to environmental manipulations such as crowding, chronic territorial conflict (4) , and imposition of stressful behavioral tasks (5, 6) . Based on such observations, environmental or behavioral factors have been imputed various degrees of importance in the etiology of cardiovascular pathology (7) , and it has even been suggested that acute emotional episodes can precipitate ventricular fibrillation and sudden death (8) . In this context, there has been recent interest in the possible value of behavioral manipulation for the control and management of cardiovascular disease (e.g., 9, 10) . However, much of the foundation for hypotheses relating behavior and cardiovascular activity derives from correlational observations, and it is only in recent years that systematic experimental efforts have been undertaken to explore possible relationships more precisely.
It is the intent of this review to highlight recent developments in this area. Our focus is on controlled laboratory models; we have not attempted to review the more observational literature that contributed so importantly to the historical inception of this field. Our goal is to examine the degree to which we are able (1) to produce cardiovascular change with behavioral manipulation, (2) to spec-ify the critical behavioral variables, and (3) to relate these findings to central neural control of the cardiovascular system. Emphasis is placed on cardiovascular responses occurring in learning situations, since the major thrust of the cardiovascular psychophysiology literature has been in this area. The traditional question in the psychological literature of whether cardiovascular responses are useful indexes of an organism's "behavioral state" is not dealt with, and, in that regard, the reader is referred to a recent symposium publication (11) .
SOME DEFINITIONAL CONSIDERATIONS
Prerequisite to investigating behavioral effects on the cardiovascular system, experimental paradigms in which controlled stimuli reliably elicit specific cardiovascular response patterns must be established to provide models with which one can attempt to specify the effective components of the stimulus situation and explore how their manipulation alters the cardiovascular response pattern. Given this general consideration, one can then categorize such paradigms into those in which the stimuli reflexly evoke cardiovascular responses and those in which the stimuli are initially neutral but acquire the capacity to elicit such responses as a function of behavioral training. It should be recognized that both cases involve the study of intact, unanesthetized animals permitted at least restricted behavior. Moreover, implicit in this formulation is that the behaviors and their accompanying cardiovascular responses are under specifiable stimulus control.
By way of illustration, the first category of paradigms might include the cardiovascular effects of nociceptive stimulation, exercise, and postural change in intact organisms as well as the effects of more complex situations reflexly eliciting such integrated behavioral patterns as defense, feeding, and sexual activity. The second class of paradigms has been more the domain of psychophysiologists, and it includes the various training or learning 6 9 4 COHEN. OBRIST situations which transform largely neutral stimuli into cardioactive ones by associating them with stimuli that reflexly affect cardiovascular activity. It should be recognized, however, that these two categories are not necessarily mutually exclusive, and many behavioral situations undoubtedly include both reflex and learned cardiovascular adjustments.
From the preceding discussion the definition of a behavioral situation may seem cloudy, since paradigms involving nociceptive stimulation, exercise, and postural change, for example, may not fit one's intuitive view of behavior. To clarify the issue, what we are considering are the effects of exteroceptive (environmental) stimuli that exert their cardiovascular influences via neural mediation. Although this definition places such events as postural change within the domain of behavior, the following argument may indicate the rationale. First, the cardiovascular responses in any given behavioral situation represent the adjustments in cardiac output and its distribution that occur to meet the metabolic requirements potentially or actually demanded by the effector activity appropriate to that situation; these adjustments can either be in direct response to such activity or, via learning, in anticipation of it. Second, only a limited number of basic response patterns of cardiovascular adjustment may exist (12) , and each pattern is activated by a certain set of adequate stimuli; the cardiovascular responses to postural change, exercise, and thermoregulation may be examples of such basic response patterns. Third, in more natural behavioral settings, the complex stimulus situation may include adequate stimuli for more than one basic response pattern.
Consequently, one approach to characterizing behavioral-cardiovascular interaction is first to identify the basic response patterns and their adequate stimuli. Such an identification procedure will establish a foundation for investigating the neural mechanisms, as has been done for exercise (13) and orthostasis (14) for example. It will also facilitate the analysis of more natural behavioral situations, in which the complex cardiovascular responses can conceivably be specified as a composite of constituent basic reflexes. For example, cardiovascular responses during a complex sequence of agonistic behaviors can perhaps be ultimately understood as a composite of adjustments for exercise, postural change, nociception, etc.
Such an approach may also be fundamental to understanding learned cardiovascular change, since this phenomenon may simply entail the extension of basic response patterns to previously neutral stimuli. Stated somewhat differently, cardiovascular learning can be viewed as a mechanism for expanding the set of adequate stimuli for any given basic response pattern so that the pattern can occur in anticipation of predictable events. Understanding this extension of control then becomes an essential part of describing the cardiovascular responses in more natural behavioral situations, since many undoubtedly include both learned and unlearned responses.
Another issue to consider in this context is the relationship between acute and chronic effects of behavior on cardiovascular activity. Much of the literature, particularly that involving paradigms of the reflex category, is limited to short-term experiments. Yet, the production of cardiovascular pathology with behavioral manipulation generally requires longer-term exposure to a given stimulus situation (e.g., 6, 15) . Although the potential of behavioral situations for producing cardiovascular pathology is a primary concern, we suggest that the understanding of acute reflex effects may be prerequisite to the understanding of more chronic effects. In fact, such long-term effects can perhaps be viewed as merely the repeated application of acute situations and are thus best approached with well-defined short-term models.
Hypertension may serve as an illustration. Most hypertensives are clinically diagnosed as having essential hypertension, but many may begin as labile hypertensives. In the labile phase, the elevated arterial blood pressure is consequent to increased cardiac output (16) , and the cardiovascular response pattern resembles that of exercise (17) . In contrast, essential hypertension is maintained by increased total peripheral resistance with largely normal cardiac output (18, 19) . The labile hypertensive episodes in many instances may be neurogenically mediated, and in some manner their repeated occurrence induces a sustained pressure increase which may not be neurally mediated (e.g., 20, 21) . Therefore, developing models for reliably producing transient hypertension may prove effective in specifying the mechanisms of neurogenically mediated labile hypertension as well as its transition to essential hypertension. Some interesting approaches in this direction have involved the application of long-term electrical brain stimulation (22) and stressful behavioral tasks (23, 24) .
A final point deserving comment regards the concept of emotional stimuli. At this point there Circulation Research, Vol. 37, December 1975 may be little to be gained by arguments concerning the emotional nature of any given experimental situation, and there is a rather varied assortment of stimulus situations in the literature that have been used as emotion provoking. One can probably view so-called emotionally elicited cardiovascular responses as adjustments appropriate to the accompanying overt behavior or in anticipation of it. Thus, in this review, paradigms will be viewed operationally, and emotion per se will not be explicitly treated.
REFLEX BEHAVIORAL MODELS
This section treats behavioral models of the first category, those in which the stimulus situation reflexly elicits cardiovascular change. The treatment is not comprehensive, since cardiovascular physiologists are more likely to be familiar with this literature. Moreover, the approach is highly selective and involves brief discussions of cardiovascular response patterns in only a few situations-exercise, postural change, noxious stimulation, and defense. These specific cases were chosen because they represent possible examples of basic cardiovascular response patterns (12, 25) and because they are common elements of more complex behavioral situations.
Exercise.-The cardiovascular response pattern to exercise is perhaps one of the best candidates for classification as a basic response pattern. Furthermore, there are few behavioral situations that do not involve overt movement, and those that do not often involve the anticipation of or the preparation for movement. Since the cardiovascular exercise pattern can occur in anticipation of movement (26) , it must be considered as a major potential contributor to the cardiovascular concomitants of many behavioral situations. Thus, we wish to recap very briefly the neurally mediated components of this response pattern.
Simplistically, one can view these neural contributions as consisting of (1) rapid adjustments in cardiac output and regional blood flow in anticipation of or at the onset of muscular activity and (2) reflex effects consequent to muscle contraction such as those evoked by metabolites of contracting muscle. In the context of behavioral-cardiovascular interaction, we are primarily concerned with the first component of the neurally mediated response, since the later reflex effects are evoked by interoceptive or proprioceptive stimuli generated by contraction and are best studied independent of behavior. The rapid cardiovascular changes with exercise are generally described as increased heart Circulation Research, Vol. 37, December 1975 rate, myocardial contractility, and cardiac output with an increased proportion of the cardiac output being distributed to the active muscles. This redistribution is implemented by dilation of the larger resistance vessels in the active muscle with vasoconstriction in nonactive muscles and nonmuscle beds. Mean arterial blood pressure may either remain unchanged or rise with moderate to high levels of exercise (e.g., 27) .
Such adjustments are clearly neurally mediated, since they occur in anticipation of exercise or with a short latency after the onset of exercise (e.g., 28, 29) . Furthermore, the short-latency changes in cardiac dynamics are abolished by cardiac denervation (30). The rapid vascular adjustments are sympathetically mediated, and the increased muscle blood flow seems to involve active sympathetic vasodilation which is sensitive to atropine in carnivores (31) but not in primates (32).
Some years ago, Uvnas (33) described a central pathway controlling muscle vasodilation. This system originates in the motor cortex, synapses in the hypothalamus, and descends to the spinal cord through the ventral brainstem. Although specific features of this description, such as the hypothalamic synapse, are debatable (34), the general outline of this proposed vasodilator pathway seems valid. Importantly, there is highly suggestive evidence that this pathway is associated with the increased muscle blood flow seen during the early phase of exercise. For example, by electrically stimulating this system in dogs. Eliasson et al. subsequently demonstrated that stimulation of this pathway elicits a cardiovascular response pattern closely resembling that seen during exercise. Clarke et al. (37) then showed that stimulation of discrete regions of the monkey motor cortex produces increased blood flow largely restricted to the muscles activated by the stimulation. Thus, it seems reasonable to accept the hypothesis that the vasodilator system constitutes the central pathway for at least one major component of the neurally mediated adjustments to exercise, namely the localized increase in muscle blood flow (38).
Postural Change.-Exercise demands increased cardiac output and blood flow to the active muscles, but postural changes impose somewhat different demands. For example, in assuming an upright posture (orthostasis), a pattern of cardiovascular adjustments ensues which resists gravitational forces and maintains arterial blood pres-sure and adequate circulation to the brain. In recent years, a series of papers, primarily from the laboratory of Reis, has indicated cerebellar participation in these orthostatic cardiovascular adjustments. Although cardiovascular effects of cerebellar stimulation have been known for some time, these contemporary reports linked the cerebellar effects to postural adjustments. For example, Doba and Reis (39) have shown that electrical stimulation of a limited region of the fastigial nucleus produces a cardiovascular response pattern similar to that occurring in orthostasis. This pattern includes (1) increased heart rate and myocardial contractility with decreased stroke volume and no change or a slight fall in cardiac output, (2) increased total peripheral resistance with increased mean arterial blood pressure, (3) decreased blood flow in the femoral, axillary, renal, and mesenteric arteries, and (4) increased flow in the common carotid artery with no accompanying resistance change. Lesions of the fastigial nucleus severely compromise these cardiovascular adjustments, particularly the early compensatory phase (14) . The afferent component of this orthostasis pathway includes the vestibular system (40), and its efferent trajectory is most likely via the restiform body with a possible projection on the paramedian reticular nucleus (41).
Nociceptive and Noxious Stimulation.-There is a sizable literature dealing with reflex autonomic responses to activation of cutaneous receptors, including those mediating pain (see reviews 42, 43). However, most studies have involved acute, anesthetized preparations in which the measures of the response were neurophysiological. Consequently, there is only limited information regarding the cardiovascular response pattern to nociceptive stimulation in the intact animal. However, Johansson (44) reports that responses to activation of group IV fibers are the same in anesthetized and unanesthetized, decerebrate preparations. These responses consist of cardioacceleration and increased arterial blood pressure with vasoconstriction in renal, cutaneous, and splanchnic beds. The response of the muscle vasculature is not clear. Vasoconstriction occurs in atropinized cats, but without atropine the data are weakly suggestive of vasodilation; the findings of Abrahams et al.
(45) are more conclusive in this regard. Another important feature of Johansson's data (44) is the elicitation of this response pattern in bulbospinal animals, suggesting a sufficient neural organization in the caudal brainstem. Even though they do not report regional blood flows, various other studies indicate that the pressor and, less consistently, the cardioaccelerator responses to nociceptive stimulation occur in spinal animals as well (46-48).
Also germane in this context are the effects of noxious stimulation which is aversive but not painful or tissue damaging. For example, Pinotti (49) used loud noise or noxious cold stimulation to produce excitement in dogs, and he reports (1) increased heart rate, myocardial contractility, cardiac output, and mean arterial blood pressure, (2) increased resistance and decreased flow in the renal and mesenteric arteries, and (3) decreased resistance and increased flow in the external iliac artery. This response pattern is frequently attributed to stressful environmental stimulation (e.g., 50), and its similarity to the exercise pattern is obvious. However, the direction of the muscle blood flow change is still uncertain. For example, Johansson's findings (44) were inconsistent, and the recent data of Janig (51) suggest muscle vasoconstriction with noxious thermal stimulation.
Thus, a precise characterization of the cardiovascular responses to noxious or nociceptive stimulation is still lacking, most prominently as regards the changes in regional blood flow. One confounding factor may be response differences as a function of the specific experimental preparation (e.g., anesthesia, level of decerebration, etc.). Another may be that in the intact animal aversive stimuli can elicit overt movement or preparation for movement, such that the nociceptive response pattern might interact with the exercise response pattern. Consistent with such an interaction is the greater tendency to find muscle vasoconstriction in anesthetized or transected preparations. In any case, the confusion in the literature regarding the nociceptive response is unfortunate, since this response could well constitute one of the important basic response patterns. Moreover, it may be an important component of many behavioral situations, particularly if it can occur in anticipation of nociceptive stimulation as suggested by the results of Ellison and Zanchetti (52) .
Defense (Agonistic) Behavior.-A particularly interesting and intensively investigated behavioral model is the defense reaction (53) . The cardiovascular concomitants of defense (more generally agonistic) behavior have been studied in some detail both with electrical brain stimulation (45) and more recently with natural stimulation (54) . It is of interest that this particular behavioral model is frequently equated with emotional stress. For example, in his recent review Smith (55) discusses the defense reaction in a section entitled "Emo- Working from the classic description of the hypothalamic defense area (e.g., 53), Hilton and his co-workers (45, 57, 58) have further described the defense pathway and the cardiovascular concomitants of its activation. From such studies, the hypothalamus, the central grey matter, and the subcollicular region have been implicated, and the amygdala participates as well through the ventral amygdalofugal projection on the hypothalamus. Caudal to the mesencephalon, the pathway apparently continues in a dorsal position, consisting of a narrow strip ventral to the inferior colliculus and terminating in the medulla near the floor of the fourth ventricle.
The cardiovascular responses to stimulation along this pathway in cats include increases in heart rate, myocardial contractility, arterial blood pressure, and muscle blood flow. Nonmuscle beds such as the cutaneous and mesenteric experience vasoconstriction and reduced flow. Somewhat puzzling is the mechanism of the muscle vasodilation. With stimulation at or rostral to the mesencephalon it is an atropine-sensitive sympathetic vasodilation (45). However, stimulation at pontomedullary levels increases muscle blood flow by sympathoinhibition (57) . Thus, although muscle vasodilation is a consistent component of the response, active sympathetic vasodilation is not. This situation partially reflects the separation of the defense and active vasodilator pathways beginning at the mesencephalon (12) with the active vasodilator pathway following the ventral brainstem course originally described by Uvnas (33).
Further complicating the story are recent results from Zanchetti's group who have studied cardiovascular responses during more naturally evoked agonistic behavior such as that resulting from confrontation with an attacking animal (54, 56, 59) . Consistent increases in heart rate and arterial blood pressure were not observed, in marked contrast to stimulation of the defense pathway. Although mesenteric blood flow consistently decreased, the change in muscle blood flow was situation dependent. Briefly, if the defense response involved limb movement, then muscle blood flow in that limb increased via sympathetic cholinergic vasodilation. In contrast, if the limb was not moved, then muscle blood flow decreased via sympathetic vasoconstriction. In an interesting Circulation Research, Vol. 37, December 1975 approach to the problem, Ellison and Zanchetti (52) trained cats in a conditioning paradigm to flex one hind limb. On stimulus presentations in which no conditioned flexion occurred, muscle vasoconstriction was seen in both hind limbs. However, when flexion occurred, cholinergic vasodilation was observed in the active limb and vasoconstriction in the contralateral limb, thus further associating cholinergic vasodilation with movement.
The specific nature of the cardiovascular response pattern during defense is thus somewhat problematic. Abrahams et al. (45) suggest that the most characteristic cardiovascular component of this response is muscle vasodilation. However, what then discriminates this pattern from that seen in exercise? Furthermore, in naturally evoked defense behavior, muscle vasodilation is not a constant finding and may be associated with movement, more consistent with its role in exercise. Moreover, mediation of increased muscle blood flow by active sympathetic vasodilation with stimulation of rostral aspects of the defense pathway and by sympathoinhibition with stimulation of its more caudal structures is disturbing. Could the active sympathetic vasodilation with diencephalic stimulation, for example, reflect activation of the exercise pathway which has a diencephalic course similar to that of the defense pathway? Thus, it may be somewhat premature to classify the cardiovascular adjustments during defense as a basic cardiovascular response pattern. Agonistic behavior is quite complex and includes at least defense, attack, and escape with a variety of specific behavioral patterns within each of these categories. Thus, a single cardiovascular pattern might actually be surprising given the variation of somatomotor patterns in naturally occurring agonistic behaviors, and one would certainly expect contributions from such other basic response patterns as that associated with exercise.
Concluding Comments.-Presented in the preceding sections are but a few basic behavioral situations involving reflex cardiovascular adjustments. The response patterns in each can best be understood with respect to the cardiovascular demands of the given behavior, and the most immediate task is to determine the repertoire of "basic" response patterns. Hilton (12) suggests that this repertoire may in fact be quite limited. It is probable that exercise, postural change, and nociception evoke such basic patterns, although even these patterns can interact, as for example when nociceptive stimulation evokes protective movements and thus activates the exercise pathway. It should also be recognized that the response patterns which we have considered are in no sense exhaustive, and it is likely that cardiovascular adjustments during thermoregulation, feeding, sexual activity, and diving, for example, constitute basic patterns as well. Although outside the domain of behavior as defined in this review, baroreceptor-and chemoreceptor-evoked cardiovascular responses almost certainly constitute elemental patterns (12) .
An important feature of the neural mediation of such basic cardiovascular response patterns is its longitudinal organization (25, 34) . In fact, these pathways closely follow the anatomical trajectories of the somatomotor systems controlling the activity demanding those cardiovascular adjustments. So, for example, the orthostasis pathway involves the vestibular system and the cerebellum, and the exercise pathway involves the motor cortex. Identifying the basic response patterns and describing the organization of their central pathways seem basic to the ultimate explanation of behavioral-cardiovascular interactions with respect to neural mechanisms.
LEARNING BEHAVIORAL MODELS
This section deals with behavioral models of the second category, those in which an initially neutral stimulus situation acquires the capacity to elicit cardiovascular responses as a function of behavioral training. Through such training, the range of stimuli adequate for eliciting basic cardiovascular reflexes can be extended and anticipatory cardiovascular responses can be established. Although a wide variety of such paradigms has been applied, for the sake of simplicity they can be viewed as sorting into two basic classes.
The first class is classical or Pavlovian conditioning in which some largely neutral stimulus (the conditioned stimulus) is systematically paired with a stimulus (the unconditioned stimulus) that reflexly affects cardiovascular activity (the unconditioned response). After a sufficient number of conditioned-unconditioned stimulus pairings, the conditioned stimulus alone acquires the capacity to affect cardiovascular activity (the conditioned response). For example, in many species electric shock will increase arterial blood pressure, and if one systematically follows a neutral stimulus such as a tone or a light with a shock, these neutral stimuli will ultimately elicit a pressor response. It is important to recognize that in this class of paradigms the stimulus events are not contingent on the organism's behavior, and what is learned is an association between two events such that a previously neutral stimulus signals or predicts the occurrence of an unconditioned stimulus that reflexly evokes cardiovascular responses. In such situations, the analysis is generally restricted to cardiovascular responses occurring between the presentations of the conditioned and unconditioned stimuli, typically short periods ranging from seconds to minutes. However, a particular advantage of these paradigms is that they permit detailed analyses of the cardiovascular events and their relationship to other responses.
The second class of paradigms is instrumental or operant conditioning in which a stimulus is presented and the subsequent occurrence of a rewarding or a punishing stimulus is contingent on the specific response of the organism. For example, in the instrumental avoidance paradigm, a stimulus is presented, and if a particular response such as pressing a panel occurs the aversive or punishing stimulus is avoided. Thus, an association between stimulus events is learned, as in classical conditioning, but in the instrumental paradigms the organism also has some control over the stimulus situation on the basis of its behavior. In contrast to classical conditioning, cardiovascular changes are generally evaluated over longer periods of time both prior to and during the actual behavioral responding.
Classical Conditioning.-From classical conditioning paradigms there is now abundant evidence that changes in heart rate, myocardial contractility, cardiac output, arterial blood pressure, and regional blood flow can occur in anticipation of either aversive events such as an electric shock or nonaversive events such as exercise or food delivery (e.g., [60] [61] [62] [63] [64] [65] [66] . Thus, there can be no question that cardiovascular responses can be learned in a variety of classical conditioning situations and in a wide range of species. Moreover, such responses develop rapidly, and they tend to be quite resistant to extinction (64, 67) . Although the magnitudes of classically conditioned cardiovascular responses vary considerably among situations and species and are sometimes sufficiently small to be of questionable biological significance, to a certain extent this is determined by the training conditions (e.g., 68).
The particular cardiovascular pattern that is conditioned seems to be more species dependent than it is paradigm dependent. Since considerable data are available for heart rate change, this phenomenon can serve as an illustration. During aversive classical conditioning, humans (69), cats 700 COHEN. OBRIST several issues, ana such studies may be categorized into those in which some somatomotor response pattern is reinforced with cardiovascular responses being measured concomitantly or those in which cardiovascular responses are directly reinforced. The first category has tended to involve questions about the cardiovascular changes accompanying certain types of controlled behaviors, and the second has been more concerned with whether cardiovascular responses can be directly modified by operant behavioral techniques.
Cardiovascular Concomitants of Controlled Behaviors
The instrumental paradigms of this category have been most prominently applied in investigating the role of behavioral situations, particularly stressful ones, in the etiology of hypertension. The objective has been to develop rigorous behavioral models of hypertension that allow more causal conclusions than have been possible from the clinical and epidemiological literature. There are a few animal models in which controlled and repeated exposure to aversive and presumably stressful behavioral situations produces sustained hypertension. Although hypertensive responses can occur in aversive classical conditioning under certain conditions, they are generally transient and time-locked to the conditioned stimulus presentation.
To illustrate such instrumental conditioning models, both squirrel (5) and rhesus (6) monkeys develop sustained elevations in arterial blood pressure with prolonged exposure to shock-avoidance conditioning paradigms. Similar behavioral treatment has also been reported to induce electrocardiographic changes and myocardial pathology in squirrel monkeys (86, 87) . Although not actually instrumental conditioning, the chronic exposure of mice to various social stressors such as crowding and predators can result in systolic hypertension (4) .
Such studies establish rather convincingly an influence of behavior on the development of cardiovascular pathology. The task now is to explore in more detail the relevant mechanisms and the features of the behavioral situation that are most effective in generating such pathological effects. With regard to hypertension, efforts in this direction are based on one current model of essential hypertension which suggests that elevated cardiac output with normal peripheral resistance occurs in the early or labile phase but that increased total peripheral resistance with largely normal cardiac output obtains in the subsequent sustained phase (e.g., 88) .
Several recent studies using dogs or monkeys have evaluated the relative contributions of cardiac output and peripheral resistance to the increased arterial blood pressure that develops in shockavoidance procedures. For example, rhesus monkeys exposed to a continuous 72-hour period of shock avoidance demonstrate elevated arterial blood pressure due initially to increased cardiac output. However, later in the period, cardiac output decreases, and total peripheral resistance increases largely due to decreased flow in skeletal muscle (23) . Analogous studies on dogs (89, 90) report increased arterial blood pressure during shock avoidance, which results from elevated cardiac output with little or no change in peripheral resistance. The most pronounced effect occurs early in training before successful shock avoidance is achieved, and during this period of increased cardiac output heart rate consistently increases (90) , as also reported by Anderson and Brady (91, 92) . There are more modest elevations in blood pressure during the base-line periods, which are mediated by increased peripheral resistance rather than increased cardiac output (89, 90, 92) .
Recent results also indicate that the avoidanceinduced blood pressure changes associated with increased cardiac output are largely mediated by sympathetic influences on the heart. For example, aortic dP/dt, cardiac output, and arterial blood pressure are most elevated at the onset of each avoidance session and decline over the course of the session (90); these responses are attenuated by beta-receptor blockade (Obrist, unpublished observation) . Such blockade is also reported to reduce the tachycardia associated with active avoidance but not to influence preavoidance base-line heart rates. In contrast, in monkeys that have been exposed to avoidance procedures for prolonged periods (24) and in dogs that have established stable avoidance responding (Obrist, unpublished observation), beta-receptor blockade has a minimum effect, but alpha-receptor blockade largely attenuates the elevated arterial blood pressure. Thus, it would appear that in the early stages of aversive instrumental training the increased blood pressure results from increased cardiac output largely mediated by sympathetic cardiac innervation, a result consistent with classical conditioning data from dogs and pigeons. However, with more prolonged training, the elevated pressures seem to reflect changes in the neural control of the peripheral vasculature.
Although not involving learning per se, the results of a few human experimental studies deserve mention. When shock avoidance or financial reward are made contingent on a subject's performance in a reaction-time task (releasing a key as quickly as possible on a specified signal), heart rate and carotid dP/dt increase following response execution, and these increases can be largely prevented by beta-receptor blockade. Preparatory to the response, vagal cardiac influences prevail (93) . Also, in normotensive and hypertensive subjects required to perform difficult mental arithmetic, mean arterial blood pressure, cardiac output, and muscle blood flow increase (17) , again suggestive of increased sympathetic influences on the heart. These studies share the requirement for some active response on the part of the subject. In contrast, applying stressful stimuli, such as the cold pressor test or viewing a pornographic movie, for which no such active responding is required seems to augment to a considerably lesser degree the sympathetic cardiac activity as evidenced by more modest increases in systolic pressure, heart rate, and carotid dP/dt (17, and Obrist, unpublished observation) . Diastolic blood pressure is more augmented by such nonactive stressors, further suggesting that peripheral resistance changes are more significant than cardiac dynamics in determining arterial blood pressure under these behavioral circumstances (Obrist, unpublished observation). The meaning and generality of these differences in the determinants of arterial blood pressure among different types of stressors is not yet clear, but it may be indicative of different cardiovascular response patterns as a function of whether the subject is able to or expected to perform in the experimental situation (87) .
Direct Reinforcement of Cardiovascular Events
Over the past 10 years a considerable effort has been made to demonstrate that various parameters of cardiovascular activity can be modified by directly rewarding or punishing their occurrence. A variation of this procedure has involved providing human subjects with feedback on the status of various cardiovascular parameters in lieu of more explicit reinforcement, often referred to as "biofeedback." The objectives of this line of research have been several, but perhaps the most prominent was the hope that it might prove of value in the treatment of cardiovascular pathology. This research has been conducted on both animals and humans and has been nicely treated in the recent review of Smith (55) .
Circulation Research, Vol. 37, December 1975 In 1962 Shearn (94) reported that heart rate in humans can be modified with operant conditioning techniques; this report stimulated intense experimentation in the area. One experimental direction involved studies of curarized animals, and its major thrust was to demonstrate that autonomic responses can be trained according to traditional principles of learning without the mediation of voluntary changes in muscular activity or respiration. Typically, it has been reported that operant techniques can be used effectively to modify some single selected parameter of cardiovascular activity such as heart rate or regional blood flow (e.g., 95, 96) , suggesting highly specific cardiovascular learning independent of striated muscle activity. Unfortunately, much of this work has been difficult to replicate successfully (see 97) , and this failure still remains to be clarified.
The theoretical issue of operant autonomic conditioning independent of striated muscle mediation aside, there is no question that in nonimmobilized preparations, including humans, operant techniques can clearly modify cardiovascular activity. Early on, Shearn (94) demonstrated this phenomenon with heart rate in humans, and this demonstration has now been extended to arterial blood pressure in humans (98) and heart rate and blood pressure in primates (99) . More recent efforts have been directed toward mechanisms, such as the extent to which concomitant somatomotor and autonomic responses relate to the modification of a selected cardiovascular response like heart rate (100) . In another context, an effort is being made to determine to what extent a given cardiovascular parameter such as heart rate can be modified in relationship to diastolic and systolic blood pressure (101) . Also evolving are attempts to use biofeedback to train an organism to utilize visceral afferent information to modify cardiovascular functioning (100) . Most of this work is still in its early stages, and its ultimate significance for understanding behavioral-cardiovascular interaction remains to be demonstrated.
Still another experimental direction has involved the application of operant conditioning techniques, and biofeedback in particular, to the treatment of cardiovascular pathology. Such studies have focused primarily on attempts to reduce the blood pressure of essential hypertensives and to eliminate cardiac arrhythmias. The efforts with hypertensives have been inconclusive, and when positive results have been obtained the magnitude of the effects has been modest at best (10) . This situation may reflect nonneural mediation in essential hy- (70, 71) , rabbits (60) , and often rats (72) show conditioned cardiodeceleration, but rhesus monkeys (61), dogs (62, 63) , and pigeons (64) show conditioned cardioacceleration. Interestingly, species with deceleratory responses generally decrease their somatomotor activity in response to the conditioned stimulus (e.g., 69, 71-73) and often show "freezing behavior" (74) . In contrast, species such as the dog and the pigeon respond to the conditioned, stimulus with increased muscular activity suggestive of escape behavior (8, 75) , and it is these species that show conditioned cardioacceleration. This correlation has prompted the suggestion (e.g., 76) that conditioned tachycardia and, probably, increased cardiac output (65, 77) occur when the conditioned response ensemble includes movement and that bradycardia accompanies decreased muscular activity and is most prominent when freezing occurs. Supporting this suggestion is Bruner's observation (74) that in a leg flexion conditioning paradigm cats tend to freeze during conditioned stimulus presentations early in the training and that this response is accompanied by cardiodeceleration. However, with more prolonged training, leg flexion eventually occurs, and during trials with such movement the heart accelerates.
There is also evidence that when conditioned bradycardia occurs it is vagally mediated, and in both the human and the rabbit atropinization data indicate that this vagal effect masks sympathetic influences on heart rate. Moreover, these vagal effects do not appear to be secondary to elevated arterial blood pressure or other responses that can modify vagal activity through the baroreceptor reflexes (78) (79) (80) (81) . Conditioned acceleratory responses, on the other hand, are mediated by a combination of increased sympathetic outflow and decreased vagal inhibition (65, 76) . The most complete data are those of Cohen and Pitts (82) . In their experiments, early in aversive conditioning training the cardioacceleration is predominantly mediated by increased sympathetic outflow with only a minor contribution from decreased vagal inhibition. However, as training progresses there is an increasing vagal contribution, such that in the well-trained animal either cardiac nerve supply is capable of mediating substantial conditioned tachycardia. Furthermore, there is highly suggestive evidence that a similar situation may obtain in the dog (65, 76) .
Muscle blood flow data during classical conditioning also show an interesting relationship to somatomotor responses. Ellison and Zanchetti (52) paired a tone with an electric shock to one hind Circulation Research, Vol. 37, December 1975 limb in cats, and an atropine-sensitive increase in muscle blood flow occurred as a conditioned response only during conditioned flexion of that limb. On conditioned stimulus presentations for which flexion did not occur, there was vasoconstriction in the limb; the contralateral hind limb always showed vasoconstriction. In a similar experiment, Abrahams et al. (83) paired a tone with an electric shock to the foot pads of cats and demonstrated a conditioned vasodilation in the hind limb; however, neither its relationship to limb movement nor its atropine sensitivity was assessed. Dogs have also been shown to develop atropine-sensitive, conditioned blood flow increases in hind limb muscles during similar paradigms (26, 84) . The study of Bolme and Novotny (26) is of particular interest, since they were able to condition increased limb blood flow using either an electric shock or exercise as the unconditioned stimulus. Their results suggest that increased muscle blood flow can occur in anticipation of exercise, and thus this response may not be unique to aversive or stressful conditioning. Furthermore, their findings suggest that in aversive classical conditioning the increased muscle blood flow might reflect activation of the exercise system; the findings of Ellison and Zanchetti (52) in the cat certainly support such an interpretation.
Thus, the literature suggests that during aversive classical conditioning (1) the cardiovascular response is appropriate to the evoked somatomotor activity and (2) the involvement of the exercise response pattern may be likely in instances in which conditioned movement develops. However, since the exercise pattern can occur in anticipation of movement, it is possible to have it occur as a conditioned response even in the absence of overt movement. That conditioned cardiovascular responses occur independently of feedback from muscular responses has been clearly established by studies using pharmacological neuromuscular blockade (e.g., 85).
Thus, the exercise response pattern is undoubtedly an important element in classically conditioned cardiovascular changes, particularly those established with aversive paradigms. Whether this pattern interacts with a nociception pattern involving muscle vasoconstriction (52) remains uncertain and will be difficult to determine until more precise information is available on the nociception pattern and conditioning experiments are conducted in which the exercise pattern can be controlled.
Instrumental Conditioning.-The instrumental class of paradigms has been used to evaluate pertension, and perhaps more success would be realized with labile hypertensives in which neural participation may be more prominent. Results with patients having cardiac arrhythmias have been considerably more promising (9) . The procedures involve training subjects with a history of cardiac disease both to increase and decrease their heart rates and then to maintain their heart rates within a specified range. With this procedure, arrhythmias such as premature ventricular beats and sinus tachycardia can be appreciably reduced over considerable periods of time in some patients. This greater success with certain arrhythmias may reflect the more prominent role of the nervous system in this pathology than in essential hypertension. In any case, the status of operant techniques with respect to the treatment of cardiovascular pathology is still preliminary and of questionable promise. Although it merits further investigation, optimism as to its ultimate effectiveness may well be premature.
Concluding Comments.-It seems firmly established that most, if not all, behaviors have cardiovascular concomitants, which represent adjustments in cardiac output and its distribution to meet the metabolic demands of those behaviors. Thus, it is almost trivial to conclude that manipulating behavior affects the cardiovascular system, at the least producing reflex effects in response to such situations as exercise, postural change, temperature change, etc. However, what has generated the current interest in this area is not that behavioral-cardiovascular interactions occur but rather that (1) cardiovascular responses, normal or pathological, can occur in anticipation of behavioral demands and (2) the repeated occurrence of certain behavioral demands may be capable of producing transient or sustained cardiovascular pathology.
Regarding learned or anticipatory cardiovascular reponses, there is no question that these responses may be established with a variety of classical and instrumental conditioning procedures. This situation, however, does not imply any unique form of cardiovascular learning. Rather, any training situation generates an appropriate ensemble of learned responses of which the cardiovascular adjustments are but one component. Moreover, the neural mechanisms involved probably do not differ from those mediating other learned responses, and the participating central pathways overlap those mediating learned changes in other systems (102) . Such learned cardiovascular changes allow the organism to extend control of basic cardiovascular reflex patterns to previously neutral stimuli. This exten-sion provides a means of expanding the set of adequate stimuli for any given response pattern such that it can occur in anticipation of or preparation for demanding behavioral events. One implication of this view is that learned cardiovascular changes can be analyzed with respect to basic cardiovascular response patterns, an approach suggested earlier for cardiovascular adjustments accompanying nonlearned behavior.
Unfortunately, few learning situations have been investigated in this context, the literature being largely directed toward demonstrating and characterizing cardiovascular learning with a variety of training procedures and conditions. It is primarily the more recent literature that has begun to deal with mechanisms. However, it would seem reasonable to ask what cardiovascular response patterns are demanded in any given learning situation and whether these particular patterns then develop as anticipatory or learned responses. Bolme and Novotny (26) used exercise as an unconditioned stimulus in a classical conditioning paradigm and demonstrated that the anticipatory cardiovascular pattern was appropriate for exercise. Thus, in classical conditioning the learned cardiovascular changes may be those appropriate to the behaviors that develop in anticipation of the unconditioned stimulus, be they changes in muscular activity, posture, respiration, etc. In instrumental conditioning, the cardiovascular changes might be appropriate to the specific behavioral pattern that is reinforced. This situation would suggest that in classical conditioning one could establish anticipatory orthostatic and thermoregulatory cardiovascular adjustments, for example, by using the appropriate postural and thermal stimuli as unconditioned stimuli. In instrumental conditioning, behaviors demanding specific cardiovascular response patterns could be selectively reinforced. Success with this approach would then permit investigation of more complex behavioral situations in which the anticipatory cardiovascular responses may represent a composite of basic reflex patterns. It may also constitute an effective means for exploring the relevant neural mechanisms. For example, would interruption of the vasodilator pathway abolish the anticipatory exercise pattern described by Bolme and Novotny (26)?
Beyond describing learned cardiovascular change and its mechanisms, the other major thrust of the literature involves the role of behavior in the etiology and treatment of cardiovascular pathology. This area of investigation has included diverse approaches, many still preliminary, and the major BEHAVIOR AND CARDIOVASCULAR ACTIVITY 7 0 3
questions have yet to be answered. As indicated in the introduction, for some years the clinical and epidemiological literature has suggested a role for behavior in cardiovascular disease, primarily on the basis of correlational data. More recent experimental information has reinforced this suggestion with evidence that systematically applied stressors of many sorts can precipitate at least transient pathology ranging from hypertension and cardiac arrhythmias to frank vascular lesions. Since by definition behavioral effects must be neurally mediated, the literature describing various cardiovascular pathologies following brain stimulation or lesions also supports the potential involvement of behavior in cardiovascular pathology.
The task at hand is now to explore more precisely the conditions under which pathology can be produced and the relevant mechanisms. Basic to this exploration is the development of effective experimental models, and the efforts of such investigators as Forsyth (6, 15) and Herd et al. (5, 24) to develop animal models of hypertension are quite promising. Not only do such models allow parametric exploration of the conditions under which pathological responses develop, they may also provide a rigorous means of determining the relative neural and nonneural contributions at various stages of development of the pathology and of determining what occurs in the transition from neural to nonneural maintenance of pathological responses.
Another interesting direction of current research involves studying the effects of repeated intense demand for a given cardiovascular response pattern, as that for exercise. In some respects, this approach parallels the brain stimulation studies that have induced pathology. In this context, the hypothesis might be considered that pathology develops less from intense repeated demand than from cardiovascular adjustments made repeatedly without an accompanying metabolic demand. This situation can occur in the case of learned or anticipatory cardiovascular adjustments. For example, the cardiovascular exercise pattern has been observed frequently in instrumental conditioning paradigms in both dogs and humans (17, 23, 89, 90, 93 , and Obrist, unpublished observation), and this response can occur in the absence of muscular activity or can exceed the demands of oxygen consumption. Barger et al. (103) have reported that dogs trained on a treadmill elevate their cardiac output in preparation for running with little or no change in oxygen consumption as indicated by a decreased arteriove-Circulation Research, Vol. 37, December 1975 nous oxygen difference. Analogously, in humans it has been reported that during certain behavioral situations oxygen consumption either does not change in association with elevated cardiac output (17) or increases disproportionately to what would be expected on the basis of the increased cardiac index (104, 105) . It is of interest that such discrepancies between anticipatory cardiovascular adjustments and metabolic demand occur most often in behavioral situations in which the organism is given an opportunity to avoid the stressful stimuli by an overt behavioral act (17) , and perhaps this fact contributes to the greater effectiveness of instrumental conditioning over classical conditioning paradigms in producing pathology.
In general conclusion, many basic phenomena indicating behavioral-cardiovascular interaction are now established, and although most fundamental questions remain unresolved, potentially profitable directions of research are evident. However, to realize the potential of this field, cross-over among the many relevant approaches must occur to a greater extent, and thus in this review we have tried to include germane results from many areas including cardiovascular reflex physiology, central neural control of the cardiovascular system, cardiovascular psychophysiology, etc. Even though the findings presented in this review may appear somewhat diverse, this diversity partially reflects the present nature of the field, which in many respects is still in its experimental infancy. Therefore, it is perhaps most appropriate at this point to weigh its potential as heavily as its results. 
